The availability of genome sequences, affordable mass spectrometers and high-resolution two-dimensional gels has made possible the identi®cation of hundreds of proteins from many organisms by peptide mass ®nger-printing. However, little attention has been paid to how information generated by these means can be utilised for detailed protein characterisation. Here we present an approach for the systematic characterisation of proteins using mass spectrometry and a software tool FindMod. This tool, available on the internet at http://www.expasy.ch/sprot/®nd-mod.html, examines peptide mass ®ngerprinting data for mass differences between empirical and theoretical peptides. Where mass differences correspond to a post-translational modi®cation, intelligent rules are applied to predict the amino acids in the peptide, if any, that might carry the modi®cation. FindMod rules were constructed by examining 5153 incidences of post-translational modi®cations documented in the SWISS-PROT database, and for the 22 post-translational modi®cations currently considered (acetylation, amidation, biotinylation, C-mannosylation, deamidation,¯avinylation, farnesylation, formylation, geranyl-geranylation, gamma-carboxyglutamic acids, hydroxylation, lipoylation, methylation, myristoylation, N-acyl diglyceride (tripalmitate), O-GlcNAc, palmitoylation, phosphorylation, pyridoxal phosphate, phospho-pantetheine, pyrrolidone carboxylic acid, sulphation) a total of 29 different rules were made. These consider which amino acids can carry a modi®cation, whether the modi®cation occurs on N-terminal, C-terminal or internal amino acids, and the type of organisms on which the modi®cation can be found. We illustrate the utility of the approach with proteins from 2-D gels of Escherichia coli and sheep wool, where post-translational modi®-cations predicted by FindMod were con®rmed by MALDI post-source decay peptide fragmentation. As the approach is amenable to automation, it presents a potentially large-scale means of protein characterisation in proteome projects.
Introduction
Large-scale projects are making a huge impact on the study of biological systems. Genome sequencing programs have de®ned the informational content of a range of organisms, from the small-genome Haemophilus in¯uenzae to that of the eukaryotic budding yeast Saccharomyces cerevisiae and Caenorhabditis elegans (Fleischmann et al., 1995; Goffeau et al., 1996; The C. elegans Sequencing Consortium, 1998) . Full genomic sequences for other, more complex model systems such as Drosophila melanogaster and Arabidopsis thaliana will be available in the near future. This de®nition of genes, and related large-scale analyses of mRNAs with techniques such as SAGE (Velculescu et al., 1997) , is providing insight as to what proteins we expect to ®nd in an organism, to what degree they may be present, and at what time they might be expressed.
Proteome projects aim to identify and characterise all proteins expressed by an organism or tissue (Wilkins et al., 1995) , and thus complement genome projects through the study of the functional, rather than informational, molecules of biological processes. Recent advances in protein analysis technology, in particular the availability of exquisitely accurate and sensitive mass spectrometers (Roepstorff, 1997; Mann & Talbo, 1996) , are making possible the very large scale analysis of proteins. Proteins are separated in parallel by twodimensional (2-D) electrophoresis techniques, which array up to thousands of proteins in quantities suf®cient for analysis . Robots can then excise protein spots from gels, place them into 96-well plates, subject them to endoproteinase digestion and prepare resulting peptides for automated analysis on mass spectrometers . Throughput on matrix-assisted laser desorption time of¯ight (MALDI-TOF) mass spectrometers is now over 100 samples per day.
Progress in proteomic methods and technology so far has largely focused on high-throughput protein identi®cation, especially by the technique of peptide mass ®ngerprinting. This involves the digestion of a protein with an endoproteinsase of known cleavage speci®city, the measurement of the masses of resulting peptides by mass spectrometry, and protein identi®cation by matching the observed peptide masses against databases of proteins whose peptide masses have been generated theoretically (Henzel et al., 1993; James et al., 1993; Mann et al., 1993; Yates et al., 1993) . The ef®-ciency of this technique is such that it is becoming commonplace for hundreds of protein identi®-cations to be reported in a single journal article (e.g. Shevchenko et al., 1996; Langen et al., 1997; Traini et al., 1998) . However, comparatively little attention has been paid to how researchers can harness peptide mass ®ngerprinting results, genomic sequences, and protein annotations in databases to systematically analyse proteins for posttranslational processing and modi®cations. These modi®cation events, whilst dif®cult or impossible to predict from protein sequences alone, are crucial in the structure and function of many proteins and in the control of biochemical pathways.
Here we present an approach for the systematic characterisation of proteins using mass spectrometry and a software tool, FindMod. This tool examines peptide mass ®ngerprinting data and applies intelligent rules to predict amino acids in peptides that might carry protein post-translational modi®cations. FindMod can also check for single amino acid substitutions. Finally, FindMod predictions can be tested by mass spectrometry peptide fragmentation techniques.
Results
The FindMod rationale A series of software tools, such as MOWSE, MSFit and PeptIdent are available on the internet to do database matching for peptide mass ®ngerprinting (Pappin et al., 1993; Mann, 1994; Clauser et al., 1995; M.R.W. et al., unpublished) . As part of the matching procedure, these programs can search for a few common post-translational (e.g. phosphorylation) or atifactual modi®cations (e.g. oxidation of methionine), whereby modi®cations are``found'' by nature of the mass change they impart to any particular peptide. Such an approach may reveal modi®ed peptides, but the types of modi®cations that are considered are generally few. This is because it becomes very computationally intensive to look for modi®cation-derived mass differences between peptides from a query protein and the millions of peptides from the tens to hundreds of thousands of proteins in current databases. In creating FindMod, our rationale has been to dissociate the peptide mass ®ngerprinting database matching procedure from that of protein characterisation. Thus, the user ®rst identi®es the query protein using available peptide mass ®ngerprinting search engines, assigning a group of peptide masses to a particular protein. FindMod is then used to search for protein post-translational modi®cations by comparing experimental peptide masses that did not match with the protein against those calculated from the assigned protein sequence, seeking mass differences that may be due to post-translational modi®cations. When mass differences corresponding to a post-translational modi®cation are found between an experimental peptide and a theoretical peptide for that protein, FindMod applies a set of intelligent rules to make predictions as to which amino acids within the peptide, if any, might carry the modi®cation. A¯ow diagram for this procedure is shown in Figure 1 .
FindMod rules for the prediction of modifications on amino acids
To de®ne FindMod rules for the prediction of modi®cations on amino acids in a peptide, the feature (FT) lines of all proteins in the SWISS-PROT database (Bairoch & Apweiler, 1998) were checked for post-translational modi®cations. A total of 5153 incidences of modi®cations were examined, noting the type of modi®cation, the amino acid on which it was found, the position in the protein where the modi®cation occurred (internal or N or C-terminal), and the phylogenetic classi®cation of the organism for which the modi®cation was present. All modi®cation events considered in SWISS-PROT had been derived from the literature. The PROSITE database of protein families and domains was also examined for entries concerning post-translational modi®cations. Note that N-glycosylation, whilst having a well-de®ned sequence motif, was not considered for FindMod as the mass difference imparted to a peptide is dif®cult to predict, encompassing a very large family of masses. This modi®cation, however, is being considered elsewhere with a tool which predicts the structures of N-linked glycoforms (Packer et al., unpublished results).
We formulated FindMod rules for the prediction of 22 of the more common post-translational modi®cations to amino acids ( Table 1 ). All of these modi®cations impart a discrete mass change to a peptide. Rules for some modi®cations are simple, for example, it is possible for formylation to occur on any N-terminal amino acid on any protein from any species. Other modi®cation rules, such as for methylation, need to be different between prokaryotes and eukaryotes. PROSITE patterns were adopted in whole or part for other FindMod rules, for example, the biotinylation modi®cation. In total, we created 29 separate rules to address the 22 considered modi®cations. Simple rules, describing which amino acids can be modi®ed, were also implemented for the modi®cations of glycation, carbamylation, sulphoxide formation and Cyspropionamide formation. These modi®cations are artifacts that sometimes occur during protein preparation.
Discovery of post-translational modifications with FindMod
To best show the utility of our approach, below we present four examples of the discovery of modi®ed peptides using FindMod. In each case, this involved peptide mass ®ngerprinting of a protein, identi®cation of the protein using existing peptide mass ®ngerprinting tools, then use of the FindMod tool to make predictions as to which amino acids in which peptides might be modi®ed. Finally, we used peptide fragmentation to test the FindMod predictions. All proteins were single spots from 2-D gels, subjected to peptide mass ®ngerprinting using MALDI-TOF MS, and peptide fragmentation was done using MALDI-TOF post-source decay (PSD; see Materials and Methods).
Case 1: Lysine dimethylation in Escherichia coli elongation factor TU After identi®cation of a protein from E. coli as elongation factor TU (P02990), it was noted that a peptide of mass 1631.80 did not match any unmodi®ed peptide from this protein. This peptide was predicted by FindMod to have the sequence AFD-QIDNAPEEKAR, modi®ed in one of three ways to account for a delta mass of 28.03 ( Figure 2 ). Modi®cations that conformed with FindMod rules were a dimethylation on one amino acid (e.g. K), or alternatively, for there to be a monomethylation of Lys56 (as documented in SWISS-PROT) as well as a monomethylation of one of the amino acids D, Q, N, E, K or R. FindMod also highlighted the possibility that a formylation event would produce an identical delta mass. However, as the FindMod rules de®ne formylation to occur only at the N termini of proteins, and as the potentially formylated peptide was internal to the protein, FindMod suggested this modi®cation to be unlikely. PSD fragmentation results con®rmed the peptide to be of sequence AFDQIDNAPEEKAR, and localised the additional 28.03 mass units to the lysine residue, showing it to be dimethylated ( Figure 3 and Table 2 ). This dimethylation accounts for the missed tryptic cleavage site at the Lys in the peptide.
Case 2: acetylation and Cys-propionamide in wool keratin 1
Following identi®cation of a protein form sheep wool as keratin 1 (P02534), FindMod was used to investigate a peptide of mass 1557.77, 
where K is the biotin attachment site. 
where K is the lipoyl-binding site. Figure 4 ). These three possibilities conformed to FinMod rules. Fragmentation of the peptide by PSD showed that the peptide sequence was SFNFCLPNLSFR, where the N-terminal Ser was acetylated and the Cys was modi®ed by acrylamide to give Cys-propionamide ( Figure 5 and Table 3 ).
Case 3: a wool keratin peptide with acetylation, Cys-propionamide and a Phe to Tyr substitution
In peptide mass ®ngerprinting this wool protein had homology to sheep keratin 1 (P02534), although we suspected it to be a different gene product from keratin 1 due to its different migration on 2-D gels (data not shown). We used FindMod to establish if a modi®cation in a peptide from sheep keratin 1 (P02534) or a single amino acid substitution could explain the peptide of mass 1573.82. FindMod predicted that the peptide might be of sequence SFNFCLPNLSFR with N-terminal acetylation and artifactual Cys-propionamide, carrying one hydroxylated amino acid (e.g. hydroxyproline). Alternatively, FindMod showed that the single amino acid substitution from Phe to Tyr in the peptide SFNFCLPNSLFR, the most likely substitution by the BLOSUM62 score (Henikoff & Henikoff, 1992) , could also account for the same mass change if the peptide also was N-terminally acetylated and contained Cys-propionamide ( Figure 6 ). PSD fragmentation of the peptide showed the latter prediction to be true, with the peptide sequence being S(acet)YNFC (pam)LPNSFR (Figure 7 and Table 4 ). Particularly important in the interpretation of the PSD Table 2 for explanation of peptide fragments. Table 3 for explanation of peptide fragments. This con®rms the FindMod prediction for the peptide to be of sequence AFDQIDNAPEEKAR and contaiing a dimethylated lysine, K(dimeth). See Figure 3 for the PSD spectrum. Unmatched fragment masses were 105.4, 109.9, 211.4, 944.1, 1202.2, 1447.1.
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a b ions unless shown otherwise.
spectra was the discovery of the immonium ion for Tyr (mass 135.9 Da) and the b2, b3 and b4 series of ions.
Case 4: methionine sulphoxide in E. coli AHPC and species-specific rules After identi®cation of a protein from E. coli as alkyl hydroperoxide reductase (P26427), a peptide of mass 1381.6 was found not to match any unmodi®ed peptide in the protein. FindMod predicted the peptide to have the sequence YAMIGDPT-GALTR containing a methionine sulphoxide residue (Figure 8 ). Note that artifactual modi®cations like methionine sulphoxide and Cys-propionamide are classed as``known'' modi®cations in FindMod due to their ubiquitous nature in proteins from 2-D gels. FindMod also noted that the 15.9 Da mass This con®rms FindMod predictions for the peptide to be SFNCLPNLSFR with an N-terminal serine acetylation, Ac-S, and artifactual Cys-propionamide, C(pam). See Figure 5 for the PSD spectrum. Unmatched fragment masses were 273.8, 609.6, 1454.9, 1504.1. a b ions unless shown otherwise. difference could be consistent with an hydroxylation event. However as this modi®cation is yet to be reported in prokaryotes, this was not con®rmed by rules and is thus unlikely. The PSD fragmentation results clearly con®rmed the peptide sequence as YAMIGDPTGALTR, and localised the extra 15.9 mass units to the Met residue ( Figure 9 , Table 5 ).
Discussion
Here we have presented an approach for the systematic analysis of proteins for post-translational modi®cations and single amino acid substitutions, using mass spectrometry and the tool FindMod. In essence, this approach examines peptide masses Table 4 for explanation of peptide fragments. Fragmentation con®rmed a FindMod prediction that the peptide be of sequence SYNFCLPNLSFR with N-terminal acetylation, Ac-S, and artifactual Cys-propionamide, C(pam). See Figure 7 for the PSD spectrum. Unmatched fragment masses were 626.4, 1386.1, 1471.6, 1503.9, 1520.9, 1558.6. a b ions unless shown otherwise. generated by peptide mass ®ngerprinting techniques, establishes which peptides match unmodi®ed peptides in the protein, and examines remaining peptides to see if they may carry posttranslational modi®cations or single amino acid substitutions. This is done by examining mass differences between empirical and theoretical peptides and the application of a set of intelligent rules. Where peptides are predicted to be posttranslationally modi®ed, predictions can be tested by undertaking fragmentation analysis of the peptide with MS-MS techniques. We believe that the FindMod approach is a fundamental tool for protein characterisation because of the following: (1) FindMod considerably simpli®es the analysis of mass spectrometry data required when searching for post-translational modi®cations in proteins. This is because FindMod simultaneously searches for 22 post-translational modi®cations, four artifactual modi®cations, and, if desired, one or two user-speci®ed modi®cations.
The program suggests which peptides might carry a modi®cation, as well as the amino acids, if any, in the peptide which may be modi®ed. Importantly, FindMod can be requested to look for two post-translational modi®cations per peptide, and this may be done whilst also considering artifactual modi®cations (see case (2)). FindMod can also search to see if any single amino acid substitution at any position in any peptide gives a delta mass value that matches with that between an empirical and theoretical peptide. This too can be done at the same time as searching for post-translational modi®cations (see case (3)). Clearly, this matrix of modi®cations and substitutions is dif®cult or impossible to calculate without a dedicated program such as FindMod.
(2) FindMod can be used without preconception as to what modi®cations one expects to ®nd in a protein. Furthermore, whilst FindMod applies rules to predict which amino acids in a peptide might carry a post-translational modi®cation, pep- Table 5 for explanation of peptide fragments.
tides whose masses suggest they carry a certain modi®cation but which do not conform to rules are also listed to alert the user that a novel form of a modi®cation may be present (see Figure 8) . In this manner, FindMod provides the user with a set of hypotheses to test in MS-MS fragmentation analysis of peptides. As MS-MS peptide fragmentation results can be dif®cult to interpret, it is useful to have a series of predicted peptides against which MS-MS fragmentation results can be checked rather than having to interpret fragmentation results de novo.
(3) FindMod considers the annotations concerning protein processing and modi®cations when proteins of interest are in the SWISS-PROT database. Therefore, proteins are cleaved to mature forms before searching for mass differences between theoretical and empirical peptides. Modi®ed peptides that match with a previously documented modi®cation event, or a modi®cation that SWISS-PROT has deemed as probable due to cross-species similarity or a consensus sequence pattern, are shown separately in the``known modi®cations'' column of the output (see Figure 2) . This simpli®es the user's task of protein characterisation as it can take advantage of approximately 80,500 processing events as well as some 11,000 posttranslation modi®cation events documented in the SWISS-PROT database.
To best use FindMod for protein characterisation, a number of technical considerations should be noted. Firstly, proteins should be separated to purity before being submitted to endoproteinase digestion and mass spectrometry. High resolution narrow range 2-D gel electrophoresis (e.g. Sanchez et al., 1997) is ideal in this regard. A pure protein is desirable so that FindMod does not make spurious predictions because of contaminating peptides. Secondly, as FindMod considers a user-speci®ed mass tolerance value in its predictions, the quality of predictions will be increased by high accuracy measurements of peptide masses. ESI-TOF mass spectrometers or MALDI-TOF apparatus equipped with delayed extraction and ion re¯ectors are ideal for this as most can deliver monoisotopic masses AE40 ppm when two-point internal calibration is used. Less accurate peptide mass data will require a larger mass tolerance in FindMod and will result in larger numbers of possible modi®cations or amino acid substitutions being suggested. A third technical consideration is that the degree of characterisation of a protein achievable with FindMod will be directly related to the percentage peptide coverage that is obtained during the peptide mass ®ngerprinting procedure. When working with proteins from 2-D gels, it is therefore advisable that ingel digestions of reduced and alkylated proteins is done as this will yield higher coverage than some other techniques. However, it must be noted that Fragmentation con®rmed a FindMod prediction that the peptide is of sequence YAMIGDPTGALTR, where the methionine has been oxidised to a methionine sulphoxide, M(so). See Figure 9 for the PSD spectrum. Unmatched fragment masses were 110, 273.2, 285.1, 562.9, 626.9, 1104.6, and 1366.1. a b ions unless shown otherwise.
peptides may not be detected during mass spectrometry if they are not ef®ciently ionised (Kratzer et al., 1998) . Finally, it is worth exploring the potential that the FindMod approach has for the large-scale discovery of protein post-translational modi®cations. When subjected to 2-D gel electrophoresis, cellular extracts can be puri®ed into hundreds to thousands of discrete proteins. Peptides from these proteins can be analysed in an essentially automated fashion with use of robotics and automated MALDI mass spectrometry, at the rate of tens to hundreds in one day . When there is genomic information for the organism under study, the automated analysis of proteins assigns a sequence to protein spots from 2-D gels. At this point FindMod can be given a protein's sequence and its corresponding peptide masses, to give a list of peptides that are potentially modi®ed and the amino acids that might carry the modi®-cation. If automated fragmentation of potentially modi®ed peptides can be implemented, for example via the use of chip-based automated ESI-MS-MS (Figeys et al., 1997) or through use of automated MALDI-TOF PSD, the potential for screening large numbers of proteins for post-translational modi®cations can be realised. Clearly this is highly desirable for proteome projects. We are currently extending our previous work to provide total integration of such technologies and make this feasible.
Materials and Methods

Two-dimensional gel electrophoresis
Growth of E. coli type K-12 strain W3110 and micropreparative 2-D gel electrophoresis of proteins was performed as described by Pasquali et al. (1996) and Molloy et al. (1998) . Preparation of proteins from wool by 2-D gel electrophoresis was as described by Herbert et al. (1997) .
Protein digestion
Coomassie-blue stained gel spots of interest were cut from 2-D polyacrylamide gels using the ARRM-214 excision robot and automatically placed into 96-well plates. The 96-well plates were then placed into a Canberra Packard MultiProbe robot (Downers Grove, Illinois), where they were digested with trypsin (Promega). Peptides were then extracted, and samples spotted onto a 100-sample MALDI-TOF MS sample target with a-cyano-4-hydroxy-cinnamic acid. This digestion and extraction process was done essentially as described by Traini et al. (1998) , however gel pieces were destained extensively and dried under vacuum before addition of the endoproteinase (Rosenfeld et al., 1992) .
Mass spectrometry
Samples were analysed using a PerSeptive Biosystems Voyager-DE STR MALDI mass spectrometer, equipped with a 337 nm N 2 UV laser. Parent ion masses were measured in re¯ectron/delayed extraction mode, with accelerating voltage of 20 kV, grid voltage of 72.5 % and a 200 ns delay. Between 20 to 50 scans were averaged per sample, and spectra subjected to two-point internal calibration with trypsin autolysis peaks (m/z 842.51 and 2211.10) to give a typical mass accuracy of AE30 ppm. Peptides chosen for post-source decay analysis were isolated using the timed ion selector, and a series of spectra collected by ®rst adjusting the re¯ectron mirror ratio to 0.9, and then stepping in multiples of 0.75 of the previous mirror ratio until a maximum in-focus m/z of 50 was achieved. Typically, this required the acquisition of 10 to 12 spectra, where each was the average of 128 scans. Composite PSD spectra were constructed by stitching together the spectra from different m/z regions, and calibrating externally with the mass of the parent ion.
FindMod program
FindMod is available on the internet at http:// www.expasy.ch/sprot/®ndmod.html. Users can specify either a SWISS-PROT entry or a protein sequence in single amino acid code for the protein of interest. For SWISS-PROT entries, processing to mature forms is undertaken by reference to annotation for signal sequences, chains and propeptides. If the sequence is entered in amino acids, the user should specify the phylogenetic group the protein sequence is from (e.g. prokaryote, eukaryote, virus, archaebacteria). Cleavage of sequences to yield theoretical peptide masses is according to Wilkins et al. (1997) , with optional allowance for up to three missed cleavage sites. For SWISS-PROT entries, FindMod will consult feature (FT) tables to yield masses of any peptides carrying known or predicted post-translational modi®cations. User-entered peptides can be [M] or [M H] and any treatment of cysteine residues can be speci®ed, as can the possibility of oxidation of methionine residues.
For the matching of user-speci®ed peptides to those generated theoretically, FindMod ®rst generates a list of experimental peptides that correspond to unmodi®ed peptides. FindMod then creates a list of experimental peptides that match to peptides which carry modi®-cations to cysteine residues, oxidized methionine residues, or other modi®cations as documented in SWISS-PROT. All matching peptides must be within a userspeci®ed mass tolerance. To ®nd novel modi®cations, FindMod then calculates the mass differences between all experimental peptides and all theoretical peptides. If a mass difference corresponds to the mass of any of the modi®cations in Table 1 , peptides are classed as``potentially modi®ed''. FindMod then examines all potentially modi®ed peptides with a set of intelligent rules (see Table 1 ) to determine if the protein, and an amino acid within the relevant peptide, can carry the modi®cation in question. Where peptides carry a modi®cation that agrees with the rules, these peptides are classed as`p otentially modi®ed and conforming with rules'' and the amino acid(s) that are potentially modi®ed in the peptide are highlighted in the FindMod output. Importantly, FindMod can be requested to look for two modi®-cations per peptide, in conjunction with artifactual modi®cations, such that predictions can be made for highly modi®ed peptides. If desired, FindMod can also search for one or two amino acid substitutions in pep-tides that may account for a mass difference between a query peptide and those from a speci®ed protein sequence. This search can be done at the same time as searches for protein post-translational modi®cations.
